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PREFACE

This final report is the culmination of an 18 month study, Reliability
Evaluation of Programmable Read-Only Memories (PROMs), commencing
17 June 1975 and terminating 17 December 1970. It is submitted in
accordance with the provisions of Line Item A002, Exhibit A, for Contract
No. F30602-75-C-0294.

The contents of the report represent the fulfillment of the above con-
tract by the Strategic Systems Division of Hughes Aircraft Company and
does not necessarily represent the recommendation, conclusions or approval
of the United States Air Force.

The following Hughes personnel contributed to the completion of this

work:
Principal Investigators: . W. Powell
L. Long, Jr.
Advisor: . May

M. Donnelly (Phase I)
C. McMahan (Phase II)

Project Engineers:

o g A=

Program Manager: K. L. Wong

Special acknowledgement is made to Dr. W. K. Jones for his assistance
in obtaining thin sections of PROM chips and pictures of fuses through trans-
mission electron microscopy, and to Mr. E. J. Fox for his recognition of
the importance of this work and his continual encouragement.

Thanks also goes to all of the PROM users and vendors who contributed.

Names of user-contributors are presented in the Appendix.

The RADC Project Engineer was Mr. J. J. Dobson.
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EVALUATION

The prime objective of this study was to establish cffective relishilicy
procedures for testing, qualifying and screening microcircuit programmible
read-only memories (PROMs). This study evaluated programming fusing methods
and materials to assess their reliability. PROMs using three types of
programming (nichrome fusible link, avalanche-induced migrati (AIM) and
polysilicon fusible 1ink) were studied in detail. After programming the
different devices with varying programming pulses and conditions, it was found
that it was best to use manufacturer suggested voltages and waveforms.

The study is considered successful in meeting the initial objectives
established at the beginning of the program. Personnel from Hughes that
participated in this effort performed in a professional manner and produced
a high quality report.

The major significance of this study is that it provides a background

of technical understanding in the programming mechanism and failure modes

-

of three types of PROMs. The findings of the study will be used in
paration of MIL-M-38510 detail specifications for the PROMs studied in this
program and for other PROMs which use the same type programming. The tests
and programming methods will be added to MIL-STD-883.
4)22,»¢‘;3)?3,Aﬁarcfz;rru//

JAMES J. DOBSON
Project Engineer
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1. INTRODUCTION

PURPOSE OF STUDY

This final report presents the results of a study performed by the
Strategic Systems Division of Hughes Aircraft Company under Rome Air
Development Center Contract No. F30602-75-C-0294. The primary objec-
tives of this study were:

1. Assess factors affecting the reliability of three type: f program-

mable read-only memories (PROM's), namely poly | stalline

silicon (polysilicon) fuse, avalanche-induced migration (AIM) and
nichrome fuse technologies.

2. Investigate programming and associated failure mechanisms.

3. Assess the reliability of these PROM's via a life test.

This study is a continuation of an earlier study on the reliability of
PROM's which was completed in March, 1975. The final report of the earlier
study is RADC-TR-75-278, entitled, '""Reliability Evaluation of Programmable
Read-Only Memories.'' In that report three types of PROM's were covered,
namely nichrome fuse, titanium-tungsten fuse and avalanche-induced

migration (AIM) technologies.

3
SCOPE OF THIS PROM RELIABILITY EVALUATION STUDY
This study was conducted utilizing as vehicles ten 1024-bit, ten 2048-bit and
five 4096-bit PROM's from each of four suppliers covering three technologies: }

Polysilicon fuse, avalanche-induced-migration (AIM) and nichrome fuse.
Nichrome PROM's from two suppliers and the others from one supplier each

were utilized. Four specific areas were investigated:

I. Programming and Electrical Test
2. Programming (Fusing) Mechanisms

Failure Mechanisms

w

4, Screening, Burn-in and Life Tests




Within these four areas, the following specific tasks were accomplished:

5

Programming and Electrical Test

a.

The unique electrical characteristics pertaining to programming
were analyzed for each memory element technology under study.

The effects of bit capacity/chip size on programming were
studied.

Methods of programming and their eventual reliability were
evaluated.

Concepts for optimizing programming yield and reliability
were developed.

Variations in programming pulses, such as fusing currents,
and their effects on fusing were studied.

Programming (Fusing) Mechanisms

a.

b.

Programming (fusing) mechanisms associated with each memory
element technology under study were identified.

Material and geometry characteristics of the memory elements
were determined.

Scanning electron microscope as well as transmission electron
microscope studies of the fuse elements were performed.

AIM devices were sectioned and junction shorting spikes
after programming were photographed.

Resistances of unprogrammed and programmed polysilicon fuse
elements were measured.

Memory Element Failure Mechanisms

a.

b.

d.

Passivation integrity of fuse memory elements was studied by
means of freeze-out and water drop tests.

Reconduction likelihood of programmed fuse memory elements
was investigated.

Likelihood of unwanted shorting of memory element in AIM
devices was evaluated.

Likelihood of programmed AIM memory element opening
or shorting of the isolation diode was studied.

Screening, burn-in and life tests

a.

b.

Screening tests were performed on all fuse type PROMs under
study.

Burn-in and life tests were conducted under 125°C chamber
conditions for all PROM types under study.

|
|
|
|




The primary study emphasis was placed on the polysilicon fuse
technology because this technology was not covered in the earlier study.
The AIM technology received second priority. The nichrome fuse tech-
nology, which received the most coverage in the earlier study, w:s studied

with respect to areas not already evaluated.

HISTORICAL BACKGROUND OF PROM TECHNOLOGIES STUDIED

The first field Programmable Read Only Memory (PROM) was intro-
duced in early 1970. Today there are four different bipolar } )M tech-
nologies, at least 10 manufacturers, and more than 40 device typcs ranging
from 256- to 8192-bit memory capacities. Basic variations in technologies
relate to methods used to store a non-volatile memory bit. Memory elements
may consists of nichrome fusible links, titanium-tungsten fusible links,
polysilicon fusible links, or a reverse-biased emitter-base diode utilizing
what is known as the Avalanche-Induced Migration (AIM) technology. The

three technologies investigated in this study are discussed below.

Polycrystalline Silicon (Polysilicon) Fusible Links

The polysilicon film used to form the fuses in this technology is similar
to that used in polysilicon gate MOS devices. Schottky bipolar PROMs
utilizing this technology were introduced in the first quarter of 1972 and are
now available from two vendors. The products of only one manufacturer,
who offers railitary versions in 1024, 2048, and 4096-bit sizes, were tested
in this prograrm. Significant milestones in the development of this technology
are:

I.  First quarter 1974 - Circuit changes were made to increase the

speed of the 1024-bit device.

2. Second quarter 1974 - 2048-bit device was introduced.

3. First quarter 1975 - Changed from diffusion of the base region to
ion implantation for better process control. 4096-bit device was
introduced.

4. Fourth quarter 1976 - 2048 and 4096-bit devices redesigned using
polysilicon crossunders to enable smaller chip sizes and higher
speed. (Devices were obtained for this program in 1975 an: did
not have this modification. )




5. Fourth quarter, 1976 - The manufacturer's recommended pro-
gramming algorithm was modified to increase programming yield.
(This modification was not used in the tests reported here.)

Avalanche-Induced Migration (AIM)

The AIM memory element is a diffused bipolar transistor without a base
contact. Programming is accomplished by electrically altering the emitter-
base junction to form a resistive short across it. This technology was
introduced in 1971 with 1024 and 2048-bit versions. The principal mile-
stones in its subsequent development are:

1. January 1972 - The 1024-bit chip was reduced in size to improve

speed and increase programming yield.

2. February 1973 - Circuitry changes were made to improve chip
enable speed and reduce programming path resictance and required
voltage on the 1024-bit device.

3. June 1974 - The number of after programming pulses which are
applied after the emitter-base short has been sensed was reduced
to prevent degradation of the base-collector junction.

4. First quarter 1975 - 4096-bit device introduced.

5. Second quarter 1976 - Minor mask changes were made on the
4096-bit device to increase its speed and improve the high tempera-
ture operation of the chip enable driver. (Devices tested in this
program were obtained in 1975 and did not have this modification. )

6. 1 November 1976 - A military specification, MIL-M-38510/202,
was issued for 1024-bit AIM PROMs.

Nichrome (NiCr) Fusible Links

This technology is the first used for PROM elements and was introduced
in April 1970. It is now in use by six manufacturers, although products from
only two of them were included in this study. Complete accounts of each
manufacturer's design and process changes are difficult to obtain because
of the proprietary nature of the information. Changes in NiCr PROM design
and processing reported in the previous Hughes study were:

1. Use of a new process to provide tighter control of the cross-
sectional area of the fusible link.

2. Implementation of a new screen utilizing a bias to test fusible links
contained in each device (not accessible to users).




3. Verification of programmed patterns utilizing a reduction in power
supply voltage (to approximately 4 volts).

4, Utilization of double masking to reduce pinholes.
Recently, three additional developments have occurred:

5. The 1024, 2048, and 4096-bit devices of both manufacturers have
been revised so that they form generic families, i.e., they all use
similar layouts and circuit designs. Various circuit improvements
were incorporated in the generic designs.

6. Improvements in programming circuits and manufacturing test pro-
cedures have been made to enable single pulse progr ming with
high yield.

7. Both NiCr PROM product lines included in this study now use
Schottky diode clamps instead of gold doping to achieve high speed
and/or low power operation.

MILITARY SPECIFICATIONS FOR PROMS

The U.S. Air Force specification for 512-bit nichrome fuse link PROMs
is MIL.-M-38510/201, issued 21 August 1972 and amended 17 July 1973.
The specification MIL-M-38510/202, issued 1 November 1976, is for
1024-bit AIM devices. Additional USAF specifications for PROMs are in
preparation.

Department of Defense specifications for PROMs were issued 30 Janu-
ary 1976. The general specification is drawing number ON126296. Detail

requirements for 1024-bit PRCMs are given in drawing number ON126296/01.

VENDORS OF DEVICES USED IN THIS STUDY

The four vendors of devices used in this study are Harris Semicon-
ductor; Monolithic Memories, Inc.; Intel Corp.: and Intersil, Inc.

The following codes are used in this report for vendor designation:

Vendor A = Harris

Vendor B = MMI
Vendor X = Intel
Vendor Y = Intersil

?
|
]
|
|
|
|
|
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2. PROM MEMORY ELEMENT TECHNOLOGIES

The PROM element structures included in this study are

l. Fuse Link PROMs, employing either nichrome (NiCr) or poly-

crystalline silicon (polysilicon) fuse materials.

2. AIM (avalanche-induced migration) PROMs, often referred to as

""blown diode'' memory elements.

A survey of available fusible link PROMzs indicates that a variety of
different shaped fuse links are used, In part, the differences occur because
of fuse material selection and/or composition, Programming reliability is
also a factor. Fuse link material thickness, cross-section, length between
opposed termination pads, resistance, etc,, all may affect fuse link ease of
fabrication, programmability and ultimate reliability, Material selection and
associated fabrication processes do affect the occurrence and frequency of

potential failure modes such as unprogrammed 'opens'' and ''growback'' links

or unwanted ""shorts.' An understanding of fuse configurations, materials and

processes is, therefore, quite necessary in generating an accurate picture of

PROM device reliability. Top views and a sectional view of a fuse link along its

length are shown in Figure 1; the vertical scale of the section is exaggerated for

clarity,

The AIM or blown emitter-base junction PROM is quite different in con-
cept and configuration from the fuse link type PROM. The AIM memory
element is a planar transistor. Programming is effected by high current
pulses which permanently short the emitter-base junction of the transistor.
Thus the programming mechanism occurs below the surface of the device,
within the bulk silicon,

Following are details of the three PROM element technologies included
in this study. Photographs of the devices used are included. The arcas of

the cells which contain the individual memory elements are listed in Table 1.

The memory arrays also contain some Al buses, typically one per eight
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b. Sectional view

Figure 1. Fuse links.

columns of cells, which are not included in the cell areas. The widths of
the aluminum lines (which are the electrical connections to each column of

cells in the array) are also given in Table 1.

POLYCRYSTALLINE SILICON FUSE TECHNOLOGY

The polysilicon fuses are shaped like an hourglass, similar to the fuse
shown at the bottom of Figure la. Their minimum width is about half the
width of the NiCr fuses and the same as for Ti-W fuses. However, the

polycrystalline Si film is about 16 times thicker than the NiCr films and




TABLE lI. THE AREAS (IN }.LMZ) OF INDIVIDUAL PROM CELLS
AND MINIMUM ALUMINUM LINEWIDTHS (IN uM) OF THE
DEVICES USED IN THIS STUDY

Device Capacity

PROM 1024 Bits 2048 Bits 4096 Bits
Technology Area Linewidth Area Linewidth Area Linewidth
Polysilicon Fuse 1710 6.3 1500 B3 1500 6.3
AIM 850 9.5 970 9.5 1020 12. 7
Nichrome Fuse
Vendor A 1210 5 3 1210 5.3 1270: 4. 8%
Vendor B 1090 5.8 1090 5.8 1060 5. 0%

*The differences between the dimensions of the nichrome 4096-bit devices
and the smaller devices from the same vendor probably result from normal
manufacturing and measuring tolerances.

about 4 times thicker than the Ti-W films used in the other fusible link tech-
nologies. Therefore considerably more material is used for the polysilicon
fuse link, which might simplify manufacturing process control. The
resistances of polysilicon fuses can be adjusted, in principle, by controlling
the amount of phosphorus doping that is subsequently applied. In practice,
however, the polysilicon film is doped at the same time as are the emitters
of the n-p-n transistors and therefore its resistivity is not independently
controlled. The polysilicon film extends underneath the Al column address
conductors on the memory array. (On devices made since the fourth quarter
of 1976, polysilicon is used to form crossings under Al lines on 2048 and
4096-bit devices, enabling smaller size, higher yield chips.)

A phosphosilicate glass film is deposited on top of the metallization for
protection from abrasion and particles inside the package. When this glass
film is etched away at the chip bonding pads, openings are also etched at every
polysilicon fuse, reportedly to facilitate programming. The native oxide
that forms on silicon will protect the exposed fuses from corrosion. The
even thicker oxide that forms on programmed fuses while they are hot is

probably sufficient to protect them from shorting by loose particles.




The composition of the various components of the memory elements

was investigated by a scanning electron microscope (SEM) using energy
dispersive analysis of x-rays (EDAX). The resulting x-ray spectra are shown
in Figure 2.

The resistances of unprogrammed fuses were measured with two needle
probes and a Tektronix Type 576 Curve Tracer. The data are summarized
in Table 2. The resistances of the unetched (as-received)samples ranged
from 70 to 122 ohms with an average of 89 ohms, in reasonable agreement
with the nominal value of 100 ohms. The reason for the etched resistors
being of lower resistance is not known; perhaps it is due to contamination of
the polysilicon by the etchant or formation of a parallel conductive path on the
bare (except for native oxide) Si substrate.

The characteristics of the polysilicon fuse technology are detailed
below:

1. Field Oxide Thickness - The thermally-grown Si wafer oxide coat-
ing is about 0.3 pm thick.

2. Fuse Dimensions - The average width of the neck of the fuse links
is 2.2 pm, with a standard deviation of +0.5 pm. The probability
of having links narrower than 1 pm, which might be fused by the
read current, in only 0,0l percent, The length of the link is about
7 um and the thickness of the polysilicon film is 0.35 pm #0, 04 pm,

3. Polysilicon Deposition Method - Vapor phase chemical vapor
deposition, similar to that used for polysilicon gate MOS devices,
is used to deposit the polycrystalline silicon film. No intermediate
adhesion layer is used underneath the polysilicon. The fuses are
subsequently doped with phosphorus during the emitter diffusion
step, which gives a sheet resistance of 50 to 100 ohm/square.

4. Fuse Terminations and Interconnections - A film of aluminum, 1um
thick, is used to form the fuse terminations and circuit intercon-
nections. Polysilicon underlies only the Al column buses on the
array. The Al-polysilicon interface is approximately 8 x 14 um.
The interface is located at the termination pad on the end of each
transistor fuse. Low contact resistance at this interface is obtained
by sintering.

5. Passivation Glass - Phosphosilicate glass, approximately 1 um

thick, is deposited by chemical vapor deposition. The nominal
phosphorus content is 2 percent. The glass is subsequently removed
by chemical etching from the bonding pads and from every fuse link
(in order to facilitate programming).

e sy e T




0 103SEC .0C/S

8 6SSEC eCc/S
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a, Passivation glass b, Oxide on silicon
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¢, Aluminum interconnection 4. Polysilicon fuse

Figure 2. Polysilicon fuse PROM: SEM-EDAX composition results.
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PROM Die Separation - Diamond scribing and breaking arc uscd to
dice the wafers.

Fuse Programming and Test - The nominal fusing currc'ntl 1s

30 mA, corresponding to a current density of 4 x 10 A/cm? at the
neck of the fuse link. The programming power is normally about

90 mW. The temperature at the center of the polysilicon fuse during
programming has been calculated to be above the melting point of
silicon! and good agreement between observed and calculated fusing
times has been obtained. An extra row and column of fuses are
provided at the perimeter of each PROM array for test programming,
which is done at the wafer stage, before dicing. Functional testing
is also performed before dicing and after packaging.

Memory Element Properties - The nominal unprogrammed fuse
{ink resistance is 100 ohms. Variations in the sheet resistance of
the polysilicon and the dimensions of the fuse result in actual values
of 50 to 150 ohms (cf. Table 2). Programmed fuses usually have
resistances greater than 109 ohms (cf. section 5). The read-out
(sensing) current is nominally 2 mAl and the voltage available at the
fuse is about 2V, so the minimum resistance for a fuse to appear
programmed is 1000 ohms. The actual read-out current sensitivity
may be as low as 0.5 mA, corresponding to a fuse resistance of
4000 ohms, which is therefore the maximum resistance at which a
fuse may appear to be unprogrammed.

Photographs of the three different size chips and the individual memory

elements on each chip are shown in Figures 3 and 4. Note the openings in

the passivation glass at every fuse location in Figure 4.

AVALANCHE-INDUCED MIGRATION (AIM) MEMORY ELEMENT

A schematic sectional view of the n-p-n transistor used as the AIM

memory element is shown in Figure 5. (The vertical scale has been

exaggerated for clarity in this drawing.) Programming is effected by passing

a relatively large current (200 mA) through the transistor with the emitter

voltage positive with respect to the collector. This current passing in the

reverse direction through the emitter-base junction results in a permanent

short across that junction, leaving a p-n (base-collector) diode at that

memory location. A small sensing current (0.5 mA) is passed through the

1.

R. C. Smith, S. J. Rosenberg, C. R. Barrett, ''Reliability Studies of
Polysilicon Fusible Link PROM's, " Proc. IEEE 1976 Reliability Physics
Symposium (IEEE, NY, 1976), p. 193.
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[Figure 4. Polysilicon fuse PROM elements.

[4




\ {AIUMINUM N* EMITTER

Figure 5. AIM memory element, sectional view.

element after each programming pulse in order tc detect when prog’ramming
is completed, after which four additional programming pulses are passed to
insure permanent programming. Improper programming can result in
shorting the base-collector junction as well as the emitter-base junction,
thereby shorting a row of the memory array to a column of the array-and
disabling the device.

The manufacturing process used is a standard gold-doped bipolar TTL
device process without the additional thin film deposition and patterning steps
required for fusible link PROMs. (Note that the latter devices included in
this study use Schottky diodes rather than gold doping to obtain high speed
transistors.) Two levels of aluminum metallization are used in order to
utilize the inherent high density of this technology. A phosphosilicate glass
film is used between the two Al metallization layers and as a passivation layer
on top of the upper layer. Photographs of the three different size chips
included in this study are presented in Figure 6. Individual programming

elements on each chip are shown in Figure 7. Details of this technology are:

1. Memory element configuration

a. Spacing of transistors, center-to-center 18um |
b. Emitter depth 1.5 = a9 i |
c. Base thickness 0.3 -1.0pm

Buried collector channel width 18 pum

)i,




ki,

a. 1024 bits

-
- i

Figure 0.

b. 2048 bits

AIM PROM.




a. 1024-bit device

b. 2048-bit device

c. 4096-bit device
(Rotated 90 degrees with
respect to a and b)

Scale for this page:
| S

25um

Figure 7. AIM PROM elements.

“Some emitter contacts indicated.




e. Epitaxial layer thickness 6 pm

Size of collector contacts 12 x 25 pm
g. Width of Al conductors 9 pm
h. Base-emitter junction area

(approx.) 83 S

2. Metallization - Two levels of aluminum metallization are used,
each | pm thick. They are separated by 70 nm of SiO,, plus 1 pm of
phosphorus-doped SiOZ. deposited by chemical vapor deposition (CVD),

3. Passivation Glass - Military AIM devices are passivated with a
1 pm thick CVD overglass. This layer is a sandwich structure,
consisting of SiO,, phosphorus-doped SiOp, and SiOp. Sintering
of the Al-Si contacts for 4 minutes at 4250C is performed after the
passivation is deposited.

4. Die Separation - Scribing and breaking are used to dice the AIM
PROM wafers.

5. Memory Element Resistance - The resistances of unprogrammed
elements are in the neighborhood of 109 ohms. Programmed
junctions have a resistance of less than 10 ohms.

NICHROME (NiCr) FUSIBLE LINK TECHNOLOGY

Nichrome fuse links are made in various shapes, as shown in Figure 1,
according to each manufacturer's preference. Variations in the thickness
and Ni:Cr ratio of the nichrome film may occur among manufacturers and
for different date codes of the same manufacturer. Due to the long interest
in electro-corrosion of nichrome films, the quality of the passivation glass
has received particular attention in these devices. Specific information
about this very popular PROM technology is presented below:

1. Field Oxide Thickness - The thermally-grown Si wafer oxide
coating is 0.6 - 0.8 pm thick.

2. Nichrome Fuse Dimensions - In the neck region the fuse is 3.1 to
5.1 pm wide. The fuse itself is 10 to 25 pm long and the NiCr
fuse material is 15 to 25 nm thick.

3. Nichrome Deposition Method - No metal interface material is
required beneath NiCr to improve adhesion. Thermal evaporation
is used to deposit NiCr on the PROM wafer, followed by annealing
at elevated temperature. Actual annealing temperature and
duration are considered proprietary information by suppliers, as
this process is used to provide a homogeneous distribution of nickel
and chromium within the fuse material film, thereby reducing
programming problems. Suppliers use crystal oscillator film thick-
ness monitors for controlling NiCr depositions.

18




4. Nichrome Film Composition - Spectrographic analysis is used to

verify the composition of the nichrome films. One supplier using
nichrome fuses states that the most stable fuses which provide the
most repeatable programming results are those made of approxi-
mately 50 percent Ni and 50 percent Cr. The exact composition
is considered proprietary by the suppliers.

5. Fuse Termination Pads - Aluminum is used as the termination pad
and conductor material contacting each end of the nichrome fuse
link. Termination pad thickness is approximately 1 um. The area
of conductors making contact with fuse termination pad ends is
approximately 5 um x 6 um. No information is available on the con-
tact resistance between the aluminum termination pads and the
nichrome fuse links.

6. Fuse Overglass - The overglass is composed of phosphosilicate
glass (silox) and is approximately 1 um thick. The fuse overglass
is inspected for pinholes following completion of the silox processing.
PROM wafers are examined under a zoom microscope at magnifica-
tions of more than 100x. In general, no additional tests are used
to ensure overglass film integrity.

7. PROM Die Separation - Diamond, laser and single-wheel saws are
used to separate wafers into PROM dice.

8. Fuse Programming and Test - Fusing temperature in the fuse ''neck"
region has been calculated at approximately 1600°C, which is several
hundred degrees above the melting point of this material. Fusing
voltage is approximately 7 to 8 volts. Fusing current densities have
been estimated at 2 - 5 x 107 A/cm?. Every PROM device is tested
at both the wafer and die level. Test fuses permit both row and
column checks.

9. Fuse Resistance Values - Resistance of the NiCr film centers around
100 ohms/square; actual fuse values are between 300 to 500 ohms
including photolithographic variations. When programmed open,
the fuse resistance should be in the megohm region with a workable
minimum down to around 4000 ohms.

Photographs of the nichrome fuse chips and memory elements included

in this study are given in Figures 8 - 11.
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3. PROM CIRCUIT DESCRIPTIONS ]

The circuit design and layout of the devices are described in this
section. This information is useful in the understanding of programming

difficulties and performance of failure analyses.

VENDOR X - 1024-BIT DEVICE (POLYSILICON)

Read Circuitry

A skeletal outline of the circuit schematic for this device is shown in
Figure 12. The memory is organized as 256 four-bit words. The fuse
matrix is partitioned into four blocks that correspond to the 4 bits; each
block contains 32 rows and eight columns. The address selection scheme
uses one transistor per fuse location with the fuse in the emitter circuit of
the select transistor. The collectors of all the select transistors are con-
nected in common to the V.. voltage source.

The desired 4-bit memory word is addressed by selecting the required
row and column in each of the four blocks. The proper row is selected by
turning on one of the 32 row drivers. Each row driver is connected by a
common bus to the bases of all the select transistors in that row and, if
selected, provides base drive to eight select transistors in each block. The
row drivers have the character of an AND gate. The true and inverse
functions of address inputs A3 through A7 are generated by five address
buffers and are connected in various combinations to the row driver inputs to
form a row select matrix.

Column selection is performed in a similar manner. Address inputs
A through A are connected through input buffers to another AND matrix
to select one of eight column drivers. Each column driver is connected to
the bases of four column select transistors, one in each bit block, which form
a series connection between the fuses on those columns and the sense

amplifiers.
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Thus, one fuse in each bit block is selected for interrogation by pro-
viding base drive to the associated select transistor (row select) and at the
same time connecting the lower end of the fuse to the sense circuit. If the
fuse has not been opened by programming, current will flow from the V .
node and the input voltage of the sense amplifier will rise. If the sense
amplifier has been activated via the chip select input, a low voltage state will

occur at the output pin because of the inverting nature of the sense circuit.

Programming Circuitry

The method used to route programming current to the desired fuse
location is similar to that used in read operation. The row and column select
circuitry is essentially the same in both cases. Some additional circuitry is
employed to accommodate the increased current required during programming.
A Darlington switch is employed to provide a low impedance path to ground
for the programming current, thus shunting the input of the sense amplifier
which is switched to a high impedance during programming. This switch is
controlled by a zener diode connected to the sense amplifier output terminal.
During programming, the bit required to be programmed is selected by
raising the corresponding output pin to approximately 8 volts by connecting it
via 300 ohms to V... This overcomes the zener potential, turns on the
Darlington switch, and provides the necessary low impedance shunt path. For
the remaining three unselected bits, the high input impedance of the sense
amplifier restricts the current flow to a value below that required for
programming.

Another operation performed during the programming operation is to
raise the voltage level of the V.. pin to 10 volts. The effect of this operation
is to increase the drive to the various selection circuits to accommodate the
high programming current. This is accomplished not only by the increased
bias level, but also by disabling internal safeguard circuits which limit the
interrogation currents to a safe level during read operation.

The actual programming pulse is supplied to the CS; pin. A 15-volt
pulse impressed on this pin is transmitted via a diode OR circuit to the col-
lector busses of the selection transistors. Then the necessary bias to assure

an adequate programming current is provided.
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Test Circuitry

Examination of the chip reveals that an extra row and column of fuses
and associated selection circuits are provided on the chip. These were
included by the vendor as a quality control feature so that the programming
characteristics of the chip could-be measured without destroying fuses in

the main memory matrix.

VENDOR X — 2048 AND 4096-BIT DEVICES (POLYSILICON)

The general design approach for these devices is the sam as that
described for the 1024-bit device in the previous paragraphs. The principal
differences are in the organiz;tion for greater capacity, a few circuit design
changes, and the addition of a power switching feature.

The sense amplifier in these devices is non-inverting, so that a pro-
grammed bit results in a low level output. An additicnal voltage clamping
circuit on the column busses has been added which operates during the read
mode. The 2048-bit devicg is organized into 512 words of 4 bits each, so
that 64 row select drivers are required. The 4096 bit device is organized as
512 x 8, so that 8 bit blocks (64 x 8) were required. The power switching
feature added to both of these devices (available as an option) consists of a
switch controlled by the chip select inputs which reduces the required power
supply current in the deselected mode.

s 3
VENDOR B (NICHROME)
An outline of the circuit design of the 1024-bit version of these devices
was presented in the Final Report of an earlier study‘z under the callout of
Vendor B. The 2048- and 4096-bit versions follow the same design philosophy

with the organization expanded to accommodate the increased capacity.

2. ''Reliability Evaluation of Programmable Read-Only Memories, " Final
Technical Report, RADC-TR-75-278, Hughes Aircraft Company for
Rome Air Development Center, February 1976, (A022667).
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The 2048-bit device is organized into 512 words of 4 bits each. The word
decode is mechanized with 32 row decoders and 16 column decoders. If the
chip is oriented with pin 1 at the upper left, the top row and right-most
column contain extra fuses for testing. The 4096-bit device used in this
study is organized as 512 words of 8 bits each, using 64 row decoders and
eight column decoders. The extra test row is at the top, and two extra test

columns are included in the extreme left and right positions.

VENDOR A (NICHROME)

This vendor has performed a major redesign of his PROM line since
the earlier study. However, schematics for the new design were considered

proprietary by the vendor and were not made available for this study.

VENDOR Y (AIM)

The circuit principles outlined for the 1024-bit device in the Final
Report of an earlier study2 under the callout of Vendor D are generally
applicable to the larger capacity devices. Some differences exist in the
chip enable and precgramming SCR control circuits. The 2048-bit device
is organized into 512 words of 4 bits each. The word decode is mechanized
with 32 row decoders and 16 column decoders. With pin | at the top, the
two top rows contain extra test memory elements. The 4096-bit device is
organized into 512 words of 8 bits each. The word decode is mechanized
with 64 row decoders and eight column decoders. Again the top two rows

are added for testing.
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4. PROGRANNMING

in programming the devices to be used in the life tests, a careful effort
was made to closely adhere to the vendor's progranmming recommendations,
except when the programming amplitude was deliberately reduced to obtain
long blow times., The pulse conditions are summarized in Table 3, The
detailed programming procedures are contained in Appendix III, The pulse
parameters were verified during actual device programming using a storage
oscilloscope. Currents were monitored with a DC current p: e, Since a slow
mechanical printer was used to record the number of pulses required for pro-
gramming, the programming rate was slow and low chip temperatures resulted,
Reverification was performed after programming when the devices had
returned to room temperature,

Occasional checks of the programming current waveforms (or voltage
waveforms in the case of the devices programmed with a current pulse) were
made. A DC current probe and a storage oscilloscope were used in an
effort to detect any anomalous behavior. The waveforms seemed well
behaved, and the current transients due to internal junction breakdowns
experienced in an earlier studyZ were not observed. The impression was
that significant design or processing improvements have been made since
the earlier study. It may be that special techniques to avoid yield loss due
to internal breakdowns, such as slowing the risetime or stair-stepping the
pulse amplitudes, will be unnecessary in the future. It should be noted that
slowing the rise time may be desirable for other reasons, such as control
of the energy flow to the fuse and to assure blowing during the rise time,
as some proponents recommend.

Several vendors have recommended significant changes in their pro-
gramming procedures since the earlier study. The procedures of Vendor A
are entirely different because of a major redesign. In 1975, Vendor B intro-
duced a sawtooth pulse technique with the pulse amplitude stairstepped.

According to the stairstepping recommendation, pulses 1 through 3 should

29




. ¥ *osnd Surqeuo ue st osind Adeipixne oYy
asind SutwwesSoad oyl poaapisuod st ‘own Julwweadoad oy sT0IJUOD YI1Ym JO IpiMm a3 ‘osind oy L:

(10381891 960%
X'g . 1533 33 002
N'e ¥ dUON Y3im painseapy) ew 002 sig ) 8¥02 (NIV)
su Q0% ¥201 A
(utd 3ndinQ)
960%
A 21 AZ'% A 2t s7 X 4
1 A §°01 sd001 8%07 (2U10IYDIN)
201 v
(ug °”A) (urg 3nd3nQ)
(3o0omeg) 960
AG°¢ AT'¥ A 0€ st
09 A te st L9 8%07 (o IO0IYDIN )
¥201 !
(urg a1qeuy) (utg 3ndinQ)
A ST AS'¥ A sw 001 960%
A S ¢l AS'¥ SITOA G ° su ur ‘xew st g
: s el 002 A ST 03 Afaeaur] Sut 8¥02 (uoo>118A10d)
AOT ASH SIOA 01 -seaxdur sd | P20t X
(utd °7A) (utg 309798 dyD)
mw_EEEmm:i UOHEIIIN  4IYBIOH IsIng zoun] asty #Y81aH dsIng «YIpimasing (s31g) I10pUIA
uring 2’ A Burang A Axerixny asng werdoidq weidoxrg weidoxd Aj1oede)
ERIOXTgf
SNOILIANOD ASTNd DNINAVIDOUYd ‘¢ qI1dVL

30




be at the lowest amplitude; 4 through 6 at an intermediate amplitude; and

7 through 9 at the highest amplitude. This multiple pulse technique 1s
designed to optimize yield in commercial applications. However, the fuse
is designed to blow in an abrupt, rather than gradual fashion, as in the case
of those of Vendors X and Y. so that multiple pulses are not a necessity,
Vendor B affirms that single pulse programming is a practical approach
with their devices,

Current waveforms for programming Vendor X polysilicon fuse PROMs
were studied. Voltage pulses were applied to both the V_. an “hip Select
pins. The programming current flows through the Chip Select pin to the
fuse. Programming requires a long series of 1 to 8 ps pulses. FEach
success ve pulse changes the resistance characteristics of the fuse by an
increment. The current waveform through the Chip Select pin changes from
pulse to pulse as shown in Figure 13. The reason for the changes in current
waveform in this manner is unknown at this time.

Vendor X (Polysilicon) is at present introducing a major programming
algorithm change. In an earlier change, the overprogramming time (time
that the pulse train is applied after output voltage reversal is first detected)
was increased to 500 ps. The latest revision calls for the following changes:

1. Overprogramming is now 2.5 ms of DC voltage, rather than 500 us

of pulsed voltage.

2. The pulse width is now initially 0.2 us, increasing linearly to a
maximum of 8 us over a period of from 120 to 220 ms.

3. A constant down time of 10 us between programming pulses is
now specified, rather than a 50 percent duty cycle.

4. The data interrogation strobe should occur near the end of the

down time.
These changes (Vendor X) were announced too late to be used in the life test
programming.

The programming procedure recommended by Vendor Y (AIM device)
remains unchanged, utilizing a 75 percent duty cycle pulse train. During
the down time between programming pulses, a special verification procedure
is instituted, involving the injection of a 20 mA interrogation current into the

appropriate output pin and measuring the resulting output pin voltage. This
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technique differs from the more usual technique of sensing the state of the
programmable element through the on-chip sense circuitry in that this sense
circuitry is bypassed and a nearly direct measurement of the element
impedance is made. This permits detection of an incompletely programmed
element whose presence might be concealed by the nonlinear characteristics
of the sense amplifier.

A brief experiment was conducted to learn something of the programming
characteristics of the nichrome link devices and their response to single
pulse programming. Three samples from each (1K, 2K and 4  5it) capacity
from both vendors A and B were used. The object of the experiment was to
compare the programming yields for the application of a single pulse of 10 ps
versus a single pulse of 100 us, A sample size of 29 fuses for each attempt was
scattered through the fuse matrix. It was found that a 10 us pulse was
adequate to successfully program nearly all of the devices. The exception
was a 1024-bit device in which one fuse out of 29 refused to program in both
the 10 us and 100 ps attempts. Both of these fuses were found to lie on the
same row in the matrix. Other fuses in the same row also refused to program
in 100 ps. It appeared in this case that the problem lay in the row select
circuitry.

In this very limited experiment it was shown that in the best of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>